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Nematode species are well-known for their invariant cell lineage pattern, including reproducible division timing, volume 
segregation, fate specification and migration trajectory for each and every cell during embryonic development. Here, we study the 
fundamental principle optimizing cell lineage pattern with Caenorhabditis elegans. Combining previous knowledge about the fate 
specification induced by asymmetric division and the anti-correlation between cell cycle length and cell volume, we propose a model to 
simulate lineage by altering cell volume segregation ratio in each division, and quantify the derived lineage’s performance in 
proliferation rapidity, fate diversity and space robustness (PFS Model). The stereotypic pattern in early C. elegans embryo is one of the 
most optimal solutions taking minimum time to achieve the cell number before gastrulation. Our methods lay a foundation for 
deciphering principles of development and guiding designs of bio-system. 
 
INTRODUCTION 
Metazoan embryogenesis starts from a fertilized zygote and ends into numerous cells with multiple fates and structural 
organizations. This dynamic process needs elaborate coordination on cell behaviors at both genetic and physical levels [1-4]. In eutelic 
nematode C. elegans, the developmental programs are accurate at cellular level and invariant among individual embryos [Figs. 1(a)-1(b)] 
[5], which have been documented systematically by high-resolution microscopes and automatic tracing software [6-9]. The cell divisions 
before maternal-zygotic transition and gastrulation onset (i.e., from 1- to 24-cell stage) are ordered in a distinct sequence, which was 
previously proposed to ensure precise and robust cell movement [9-13]. These programed cell divisions are asymmetric in germline stem 
cells P0, P1, P2 and P3, and symmetric in somatic lineages AB, EMS and C [Figs. 1(b)-1(c)]. The consecutive asymmetric segregations 
of cell volume and its molecular contents in P cells are driven by cell polarization, and keep generating new somatic lineages with 
different fates [14-15]. Recently, several works uncovered an anti-correlation between cell cycle and cell volume, and suggested that 
these developmental properties, i.e. cell movement, cell cycle, cell volume and cell fate, are well coordinated during C. elegans early 
embryogenesis [12-13,16-17].  
The anti-correlation between cell cycle length and cell volume directly influences temporal ordering of descendent cells under 
asymmetric cell division, and therefore sets an important physical constraint on optimizing the developmental program in a confined 
space. In this work, we simulate and analyze lineages controlled by cell volume segregation ratios using an empirical power-law that 
encodes the anti-correlation. We evaluate each lineage’s performance in terms of its proliferation rapidity, fate diversity and space 
robustness, and find a minimum time principle governing the cell lineage pattern observed in vivo. 
 
METHODS 
Figure 1(a) shows images from a typical dataset of C. elegans embryonic development in vivo, which forms the basis of our model 
study (Supplemental Material 1). The temporal sequence of successive cell divisions defines a cell lineage pattern such as the one shown 
in Fig. 1(b). We assign an index i to a cell based on its division timing in the sequence, e.g., P0 cell has an index 1, AB cell has an index 
2, etc. The volume segregation ratio in the division of cell i is denoted by ηi, the volume ratio between its daughters (ηi ≥ 1). Besides, the 
ith cell’s volume, cycle length and division timing are denoted by Vi, Ti and ti respectively. Then, based on the experimental data 
produced in our previous works [8-9], two assumptions are introduced in the construction of our lineage model. 
 
 
 
FIG. 1. C. elegans embryogenesis up to 24-cell stage. (a) In vivo C. elegans embryo morphology illustrated with fluorescence on cell 
nucleus (GFP) and cell membrane (mCherry). (b) Lineage tree with invariant division order and fate specificity. (c) Cell volume 
segregation ratio; error bar, standard deviation. (d) Anti-correlation between cell cycle and cell volume, together with fitted power law 
function Eq. (2); inset, data shown on logarithmic scale. 
 
First, we introduce a division asymmetry threshold ηc in the fate determination of daughter cells. Two daughter cells are assigned 
different fate when the volume segregation ratio of their mother exceeds the threshold, i.e. η > ηc. The value of ηc is chosen to be 1.28, 
the average of maximum ratio in symmetric divisions and minimum ratio in asymmetric divisions acquired by experiments [Figs. 1(b)-
1(c)] [8]. Then, we use a ternary-valued code {𝑓} = [𝑓ଵ, 𝑓ଶ, … , 𝑓ூ] to represent and trace the fate specification history of a given cell 
according to Eq. (1). Here, {I} labels the cell’s ancestry in descending order; f = 0 denotes daughters generated by symmetric division; f  
= -1 and f  = 1 denote the smaller and larger daughters generated by asymmetric division [Fig. 2]. For example, the AB, EMS, C and P3 
cells are coded with [1], [-1,1], [-1, -1, 1] and [-1, -1, -1] respectively. 
{𝑓} = [𝑓ଵ, 𝑓ଶ, … , 𝑓ூ], 𝑓 = ൝
0 𝜂 ≤ 𝜂ୡ
−1    smaller daughter, 𝜂 > 𝜂ୡ
1 larger daughter, 𝜂 > 𝜂ୡ
                                                 (1) 
Second, we quantify the anti-correlation between cell cycle and cell volume with a general power law in Eq. (2) [Fig. 1(d)] [16]. 
This global rule is attributed to the degradation and distribution of machinery proteins over cell proliferation before maternal-zygotic 
transition [17-18]. The actual relationship varies to some extent between cells and between lineages caused by a number of factors, such 
as the mitosis duration from prophase to anaphase and the initial contents of machinery proteins (βmin = 0.14, βave = 0.18, βmax = 0.29) 
[Fig. 1(d)]. Nevertheless, simulations and further analysis demonstrate that our main conclusions still hold over a change of the specific 
function forms or parameter settings (Supplemental Material 2).  
𝑇 = 𝑇ଵ(𝑉/𝑉ଵ)ିఉ                                                                                       (2) 
Regarding the assumptions above, a given sequence of cell volume segregation ratio {ηi} determines fate specifications by Eq. (1) 
and division timings by Eq. (2), constructing a certain cell lineage pattern. Next, we evaluate three developmental performances of a 
given lineage, including proliferation rapidity, fate diversity and space robustness (PFS Model). 
 
 
 
FIG. 2. Cell fate specification and cell division timing under control of Eqs. (1)-(2). Left, symmetric division with 𝜂 = 1; right, 
asymmetric division with 𝜂 >  𝜂ୡ. 
 
Proliferation Rapidity. We use the reciprocal of total duration taken to reach a target cell number N as a lineage’s proliferation 
rapidity, given by Eq. (3) [19]. 
𝑃 = 1/𝑡ேିଵ                                                                                        (3) 
Fate Diversity. We count the non-identical fate codes among the cells at the last second round of divisions before N-cell stage [Eq. 
(4)]. The last round of divisions are excluded because their segregation ratios have no effect on the final division timing 𝑡ேିଵ or the 
proliferation rapidity P [Eq. (3)]. Note that other fate-inducing mechanisms without significant influence on cell volume segregation 
ratio (e.g., Wnt and Notch signaling) is not considered here [20-21]. 
𝐹 = Count ቄ{𝑓}หthe last 2୬ୢ round of divisions ቅ                                                       (4) 
Space Robustness. Cell divisions that take place either synchronously (to enable simultaneous collective motion) or asynchronously 
(to allow independent relaxation) have been shown to be essential for preserving spatial organization of a developing embryo [12-13]. 
For a given set of cell division times {𝑡௜}, one may identify clusters of division events that fall within a time interval δs,, and isolated ones 
at a time interval δa or longer from the neighboring divisions. The ones beyond these fail-safe clusters or isolated events are regarded as 
unstable and harmful. Therefore, we choose the number of intervals that obey these two rules to represent space robustness (S ≤ N-2). 
𝑆 = Count{𝑡௜ା௡ − 𝑡௜ < 𝛿ୱ} + Count{𝑡௜ାଵ − 𝑡௜ > 𝛿ୟ}                                                      (5) 
For C. elegans early embryo, the system parameters abovementioned are obtained or fitted from in vivo data: ηc = 1.28, V1 = 2.01 × 
104 μm3, T1 = 10.90 min, βave = 0.18, N = 24, δs = 1.5 min, δa = 3.0 min [8-9]. 
Next, we sample the independent variables {ηi} and derive the corresponding sequences of cell division timing {ti} according to Eq. 
(2). We use a modified normal distribution Eq. (6) for assigning random values to {ηi}, where 𝜂୫ୟ୶ = 3.21 is the maximum cell volume 
segregation ratio detected among the first seven generations of cells in experiment, and Norm(𝜂୫ୟ୶/2, 𝜂୫ୟ୶/2) denotes a normal 
distribution with center at 𝜂୫ୟ୶/2 and standard deviation of 𝜂୫ୟ୶/2. 
𝜂௜ = ൜
Norm(𝜂୫ୟ୶/2, 𝜂୫ୟ୶/2)  if Norm(𝜂୫ୟ୶/2, 𝜂୫ୟ୶/2) > 1
1  if Norm(𝜂୫ୟ୶/2, 𝜂୫ୟ୶/2) ≤ 1
                                              (6) 
We filter out the corresponding lineage solutions with perfect space robustness S = N-2, for that this condition is critical for 
embryogenesis and morphogenesis with cell-resolved accuracy [5,9,13]. Thus, proliferation rapidity and fate diversity are another two 
outputs of a lineage which can exist stably and reproducibly with perfect space robustness. To distinguish a specific lineage structure, we 
binarize the intervals between consecutive cell divisions {𝑡௜ାଵ − 𝑡௜} and code a lineage structure with {∆𝑡௜′} (1 ≤ i ≤ N-2) in Eq. (7), 
where ∆𝑡௜′ = 0 if the ith interval belongs to a group of synchronous divisions, and ∆𝑡௜′ = 1 if it belongs to two consecutive asynchronous 
divisions. 
{∆𝑡′} = [∆𝑡ଵ′, ∆𝑡ଶ′, … , ∆𝑡ேିଶ′], ∆𝑡′ = ൜
0 synchronous divisions
1   asynchronous divisions                                           (7) 
Some previous experimental measurements at second-level resolution revealed that the interval between AB and P1 divisions is around 
2.0 ~ 2.5 minutes, which is between the two thresholds δs and δa obtained from 4- to 24-cell stages and doesn’t affect the developmental 
accuracy, possibly due to its two-dimensional embryo structure [22]. For simplicity, we assume that the interval between 2- and 4-cell 
stages in C. elegans (∆𝑡ଶ′) can be either 0 or 1. 
 
RESULTS 
Considering the huge parameter space, we first carry out 106 independent tests and obtain 148 non-identical solutions. For each 
solution, we perform perturbation on its sequence {ηi} according to Eq. (8) (106 times for each), and finally find a total of 3533 solutions. 
𝜂௜′ = ൜
Norm(𝜂௜, 𝜂୫ୟ୶/2) if Norm(𝜂௜, 𝜂୫ୟ୶/2) > 1
1 if Norm(𝜂௜, 𝜂୫ୟ୶/2) ≤ 1
                                                        (8) 
Both the amount of solutions and their extensive distribution in P-F space indicate considerable diversity and plasticity in nematode 
lineage design (P, 0.01221 ~ 0.01514; F, 1 ~ 13) [Figs. 3(a) and 4]. The C. elegans lineage is reproduced in both dimensions of fate 
specification and division order, which notably acquires high proliferation rapidity (pattern No. 2 in Fig. 3(a), within top 1%) [Figs. 1(b)-
1(c) and 3].  
 
  
 
FIG. 3. Lineages solutions obtained from sampling simulation when N = 24. (a) Distribution of the 3533 non-identical solutions in P-F 
space; lineages with the lowest and highest fate diversity (No. 1 and No. 10 ~ 14), the lowest and highest proliferation rapidity (No. 9 
and No. 3 ~ 8) are denoted with purple, green, blue and red points respectively; the C. elegans pattern is denoted by red asterisk (No. 2). 
(b) The C. elegans pattern; orange triangles denote the asymmetric divisions. 
 
The lineages which proliferate fastest show common characteristics. The zygote must first divide asymmetrically and result in two 
fate-specific blastomeres; then the larger one undergoes symmetric and synchronous divisions, and produce identical descendants rapidly, 
while the asymmetric divisions occur in another blastomere (No. 2 ~ 6) [Figs. 4(b) and S1]. Alternatively, the asymmetric divisions can 
be programed in the larger blastomere to produce more cell types if the total time cost is hardly changed (No. 7 ~ 8), otherwise the time 
used to achieve the target cell number would be substantially lengthened (No. 9) [Figs. 4(a) and S1]. Note that, the difference of 𝑡ேିଵ 
between the slowest and fastest lineages can reach over 15 min, occupying 20% of the total duration from 1- to 24-cell stage. 
Intriguingly, the C. elegans pattern also obeys this rule and approaches the limit of proliferation rapidity, supporting that its 
extraordinary proliferation rapidity is attributed to the fine-designed lineage structure. It should be pointed out that, the lineages with 
high proliferation rapidity such as the C. elegans pattern depend little on the functions or parameters in the model (Supplemental 
Material 2 and Table S1). As many other related nematode species have a cell lineage pattern highly similar to that in C. elegans (e.g., 
Caenorhabditis briggsae, Pellioditis marina), they likely evolved under similar selective pressure which demands minimum time for 
development [23-25]. 
Fate diversity can be tuned extensively. Apparently, the lineage with the least cell types (F = 1) consists of only equal cleavage 
[Figs. 3(a) and 4(c)]; some can even produce 13 cell types by introducing 10 ~ 11 asymmetric divisions spread in the whole lineage, 
however, this excessive asymmetry results in lack of synchronous and rapid proliferation [Figs. 3(a) and 4(d)]. The final amount of cell 
types can range from 2 to 7 when its P value is larger than that in C. elegans pattern (No. 3 ~ 8). Those patterns probably exist in other 
kinds of nematode, for example, the pattern No. 6 has asymmetric division in a pair of sisters at 4-cell stage and subsequent significant 
asynchrony in their daughters, which is observed in a free-living marine nematode Plectus sambesii [26] [Fig. S1]. 
Proliferation rapidity can be increased by asymmetric division. The patterns No. 3 ~ 8 share common features that, 16 cells are 
generated by 4 rounds of highly synchronous divisions in a larger blastomere, while the other 8 cells are from the smaller blastomere 
which often undergoes asymmetric divisions [Fig. S1]. Their high proliferation rapidity is raised by the asymmetry in zygote division. 
Theoretically, cell division is completely synchronized in the fully symmetric case. At specific time points, the number of cells changes 
from n to 2n. If, on the other hand, there is an asymmetry in the very beginning, i.e., n/2 cells have slightly greater volume than the other 
half, then this group would divide at an earlier time. So in between the embryo reaches 3n/2 faster than the fully symmetric case. 
 
 
 
FIG. 4. Extreme lineages with (a) the lowest proliferation rapidity, (b) the highest proliferation rapidity, (c) the lowest fate diversity and 
(d) the highest fate diversity; orange triangles denote the asymmetric divisions. 
 
DISCUSSION 
Eutelic species has stereotypic developmental programs at single-cell level, especially for its cell lineage pattern. Why nematode 
embryo programs cell divisions with specific order and segregation ratio is elusive. In this work, a simple model is proposed to evaluate 
a lineage’s performance in proliferation rapidity, fate diversity and space robustness, on the basis of two assumptions derived from C. 
elegans embryogenesis. The first is fate specification induced by asymmetric segregation of cell volume and its molecular contents; the 
second is the anti-correlation between cell cycle and cell volume. Given that space robustness is essential for developmental accuracy at 
cellular resolution, we simulate and filter out the lineages with perfect space robustness. The C. elegans pattern is well reproduced and 
shows an outstanding proliferation rapidity compared to the other solutions, suggesting a minimum time principle governing this system. 
This principle was also found in development of intestinal crypts, which leads to a sharp transition between symmetric and asymmetric 
stem cell divisions [19]. The restriction on time cost in development may be raised by competition among individuals, threat by 
predators and internal environment hostile to cell or embryo. 
Since some solutions (e.g., patterns No. 3 ~ 8) also exhibit proliferation rapidity as high as the one in C. elegans pattern, other 
restrictions may exist as well. For instance, the pattern No. 5 has the same fate diversity to the C. elegans pattern (F = 4) and even higher 
proliferation rapidity [Fig. S1]. Why the C. elegans pattern is selected among those solutions still remains to be answered. One 
possibility is that, activating asymmetric divisions only on stem cells is the easiest to be realized and costs the least system resources 
such as genetic and proteomic programing [14]. 
The relationship between cell cycle and cell volume is regulated by dynamics of maternal-zygotic transition (MZT) [17-18]. 
Nematode species with different MZT dynamics have distinguishable relationships between cell cycle and cell volume, while some of 
them proliferates faster and faster over embryogenesis (e.g., Acrobeloides nanus). To analyze the systems beyond C. elegans, one needs 
to revise the PFS model including both governing equations and system parameters, so as to recapture the fundamental interactions 
between different developmental properties. 
This work provides a computational framework to simulate nematode lineage pattern, which can be further combined with 
developmental processes such as mechanical packing of cells and fate specification by cell-cell signaling [1,12-13,20-21]. The results 
provide new insights into the optimization principle in both embryogenesis and organogenesis [5,27], and lay a foundation for rational 
design of functional multicellular systems [28-29]. 
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FIG. S1. Extreme lineage solutions highlighted in Fig. 3(a); orange triangles denote the asymmetric divisions. 
 
 
Supplemental Material 1 
 
3D time-lapse images and quantitative tracing results of a wild-type embryo with GFP in cell nucleus and mCherry in cell 
membrane are provided (strain ZZY0535 [30]); developmental duration, 4- to 47-cell stage (60 time points); spatial resolution, 0.09 
μm/pixel in anterior-posterior and dorsal-ventral axes, 0.42 μm/pixel in left-right axis; time resolution, 1.41 min/frame. 
 
Supplemental Material 2 
 
To verify if the high proliferation rapidity in C. elegans pattern depends on the specific form of Eq. (2), here we use three 
different functions and perform the same sampling simulation procedures as described in METHODS and RESULTS sections 
[Table S1]. The first is a general power law for all cells [16]; the second is a general inversely proportional function [12,17]; the 
third is power law functions which are fitted onto each cell with constant 𝑇ଵ and variable 𝛽′. Proliferation rapidity in C. elegans 
pattern (asymmetry in P0, P1 and P2 divisions) and its subtype (asymmetry only in P0 and P1 divisions) is calculated, which is 
always ranked within top 1%. 
 
Table S1. Lineage simulation using different functions for the anti-correlation between cell cycle and cell volume. 
Function 𝑇 = 𝑇ଵ(𝑉/𝑉ଵ)ିఉ 𝑇 = 𝜏୑ + 𝛼 𝑉⁄  𝑇 = 𝑇ଵ(𝑉/𝑉ଵ)ିఉᇱ 
Parameter setting 
𝑇ଵ = 10.90 min 
𝛽 = 0.1831 
𝜏୑ = 12.48 min 
𝛼 = 7731 μmଷ 
𝑇ଵ = 10.90 min 
𝛽′ is determined by 
experiments for each cell. 
R2 0.6317 0.5425 1 
Fitting results 
   
Solutions in the 
first round of sampling 
148 228 63 
Solutions in the 
second round of sampling 
3533 5975 1607 
If there’s a 
C. elegans pattern? 
 
/ 
 
If there’s a 
subtype pattern? 
  
/ 
Ranking of the patterns 
in proliferation rapidity 
I.  31/3533 ≈ 0.88% 
II. 5/3533 ≈ 0.14% 
II. 26/5975 ≈ 0.44 % I. 2/1607 ≈ 0.12% 
Solution distribution 
(red asterisk, C. elegans 
pattern; red circle, 
subtype) 
   
 
